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SECTION 1 - INTRODUCTION AND GENERAL PHILOSOPHY

This report forms a part of the raquirement of Contract Nonr 13L40(C0), the
basic objective of which was to develop coherent technical, econamic, and op-
erational criteria for future Army helicopter transport systems, This concept
evolved from an earlier interpretation of the contract, which specified a de-
sign study of a three ton payload transport helicopter. After due considera-
tion, it was decided that the development of parametric analysis methods for
helicopter design optimization from the standpoint of performance, weight, cost,
and operation, should precede specific design studies.

Such methods have been developed and applied to a parametric analysis of a large
range of transport helicopter design possibilities, and the resultlng trends
and recommendations have been published in a summary report entitled "Military

Helicopter Transport Systems",

A second Ieportz, entitled "Transport Helicopter Operating Cost Analysis Meth-—
ods", provides supplementary data and methods for estimating the pertinent dir-

ect and indirect cost of helicopter transport systemse

This third report provides the necessary supplementary data and methods for
performance and weight analysis of helicopters, and is intended primarily for
use by military procurement personnel in helicopter design evaluatione

The contemporary methods of rotary wing design analysis have of necessity
evolved by a rapid build-up of practical rules-of-thumb and approximations
gained from experience. It is therefore understandable that there has been to
date very little standardization in helicopter performance and weight analysis
techniques used within the industry. There are perhaps as many variations of
performance and weight estimation methods as there are organizations in the
rotary wing industry. The final answers obtained by each variation, however,
are quite probably within a few percent of agreement, for their differences
lie primarily in the form of the equations and the notation used.

In addition to the generalized design analysis methcds presented, this report
includes example analyses illustrating their application to each of the design
possibilities covered in the summary report~ of this contract. These example
analyses were carried out with certain arbitrarily specified dimensions and
performance criteria, in order to limit the charts to a reasonable number.
Such assumptions as have been made are believed in all cases to lie within the
spectrum of present and foreseeable state of the art.

The data and methods in this report cover the following configurations and
power plant types: .

1. Geared Power Plants
Reciprocating Engines

Both Single and Tandem Rotor Configurations
Geared Gas Turbine Engines

1, Hiller Report 350.1, "Military Helicopter Transport Systems"
2, Hiller Report 360.1, "Transport Helicopter Operating Cost Analysis Methods™
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TRANSPORT HELICOPTER DESIGN ANALYSIS METHODS
2. Rotor Tip Drive Power Piants

Tip-mounted Ramjets
Tip-mounted Turbojets Single Rotor Configuration Only

Pressure Jets

No analyses of compound or 'unloaded rotor" type heliconters such as those
with stub wings and/or propellers are included in this report, since these
types were outside of the scope of the contract. Also, no consideration is
given to the details of helicopter stability and control, since this is a spec=-
ial field in vhich it is difficult to generalize, and its inclusion could not,
generally speaking, have a major effect on weight and performance.

It should be mentioned that there are certain detailed refinements to the
theories and methods for helicopter performance analysis which have not been
incorporated in the methods presented herein, one example of wvhich is the ex=-
tended rotor theory applicable to high rotor inflow angles, developed by the
NACA. Refinements of this nature can be superimposed upon or integrated into
- the methods presented herein if required for detailed analysis, but they ine

volve considerably more labor in calculation, and for this reason have been
onitted. The approximate methods are adequate for the purpose of design eval=-
uation and comparison of one helicopter type to another,

The data and methods which follow are presented in three sections (sections 2,
3, and h). Section 2, entitled "Aerodynamics and Performance Analysis Tech-

niques", covers the methods used in calculating power required (based on modi-
fications to references 3 and L), power plant characteristics, and helicopter

performance.

Section 3, entitled "Mleight Analysis Techniques", covers the methods used in
estimating the weights of the various components comprising the empty weight,
based on modifications to and extrapolations of the statistical weight analysis

data compiled in reference 13.

Section li, entitled "Configuration Selection Technique®, contains an explanation
and illustration of the graphical method which was developed for the selection
of helicopter design parameters for minimum gross weight,

CONFIDENTIAL 2
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SECTION 2 - AERODYNAMICS AND PERFORMANCE ANALYSIS TECHNIQUES

A,
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SECTION 2 -~ AERODYNAKICS AND PERFORMANCE AMALYSIS TECHNIQUES

A. FUNDAKENTAL HELICOPIER AERODYNAMIC PARAMETERS

The symbols used in the aerodynamics and performance analysis ave listed at the
end of this section, on a pull-out sheet for the reader's ccnvenience.

The total installed pover required by a helicopter, the efficiency vith which
this power is used in hovering and in forward flight, and the performance cap-
abilities of the helicopter, are dependent upon certain fundamental aerody-
namic and design parameters, which are discussed below:

Rotor disk loading, w, defined as the gross weight W digided by the swept
area of the main liftine »otor(s), with units of 1lbs/f%¢, is of primary
importance in establishing the power required to produce lift, commonly
referred to as induced pover,

Rotor tip speed, Vr, defined as the tangential speed of the rotor blade
tips, with units of fi/sec, is of primary importance in establishing the
rotor power loss due tvo profile drag of the blades, commonly referred to
as rotor profile power,

Rotor solidity, o , defined as the ratio of rotor blade area to swept
disk area, is also a factor affecting rotor profile pover,

Rotor blade loading, w/o~ , defined either as the ratio of disk loading to
solidity, or as the ratio gross weight VW divided by the lifting rotor(s)
blade area, with units of ]bs/ft2, is a useful parameter having a direct
interrelationship with the tip speed in determining rotor 1ift coefficient
and rotor profile power, as vill be shown,

Rotor blade section profile drag coefficient, Cdg? has a direct effect on
rotor profile power,

Rotor tip speed ratio, p , defined as the ratio of forward speed V (in £t/
sec) to rotor tip speed Vp (in ft/sec), is a useful parameter entering
into calculation of the increase in rotor profile power with forward speed
due to th: dissymetry of airflow over the rotor disk, as blades advance
into and retreat from the direction of flight.

Rotor tip loss factor, B, is a nondimensional factor which takes into ac-
count the reduction in thrust near the blade tips due to air "spillage"
from the high pressure under surface of the blades to the lower pressure
upper surface,

Helicopter equivalent flat plate parasite drag area, Ay , defined as total
parasite drag of the fuselage, landing gear, empennage, cooling air inlets,
etc., divided by the free stream dynamic pressure q, is the factor which
determines the power required to overcome the parasite drag, referred to

as parasite power.

Design power loading, 1., defined as the ratio of gross weight W to in-
stalled 'normal rated" ﬁorsepower at sea level, with units of 1bs/hp, is
a design parameter which has a direct affect on helicopter performance in
hover, climb, and cruise,

L CONFIDENTIAL
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n
Mass density of air, p , in units of slugs/ftl, is of course directly in-
volved in all aerodynamic calculations,

The tan parameters listed above are the more important of the many factors ine
volved in helicopter aerogynamic and performance analysis, Additional factors
and dimensional relationships which are involved in the analysis will be de-
fined as needed, in the rollowing sections,

B, HELICOFTER PO'ER REQUIRED

The method used herein for calculating helicopter power required has been dr=
veloped from work originally done by Viesner (Ref. 3) and later modifications

(Refo L)

The power required by a lift-producing rolor in hovering or in level, unaccel=-
erated flirht, is commonly divided into three parts:

Total Power Required
at Rotor(s) = Induced Power + Profile Power + Parasite Fower

rhp = ihp + Rhp +  php 2=1

1. Induced Power, ihp, for Single, Isolated Rotors

The induced horsepower or that required to produce 1lift, may be calculated for
a single, isolated lifting rotor with radiuns R, from expressions derived from

momentum theory:
Thrust T = (air mass flow per second)x(increase in velocity)
or T = PTR?V({@V) DuD

where V is the total velocivy at the rotor disk, and dV is the total increase
in velocity. In the hovering case, the total velocity is the induced velocity,
uy, and it can be shown (Refs. 3., L, or 5, for example) that the incremental
increase in velocity dV is equal to twice the induced velocity, or dV = 2uy.

Hence, T = PTTRzuH(ZUH) = ZPTTR2UH2 2-3

Equation 2-3 may be solved for vy and written in terms of the disk loading,
w = T/TR2, as follows:

— T _ i _w
= | zorre ={ 28 g
Equations 2-2 through 2~ are based on the assumption of an ideal actuator disk
in which there are no losses at the periphery of the disk. In the actual case,
however, where the number of blades are finite, the loss in thrust at the blade
tips is accounted for by the introduction of a factor B, which is defined as
The ratio of the effective, lift--producing radius, divided by the actual geo-~

metric radius. This tip loss factor, discussed in detail in a following par-
graph, must therefore be incorporated in the above equations by substituting

CONFIDENTIAL 5




CONF IDENT IAL

SECTION 2 - AERODYNAMICS AND PERFORMANCE ANALYSIS TECHNIQUES

BR for R, Equation 2-4 then becomes

_ T _ w
“H-\’"z?ﬁiﬁr = | 287 25

The induced horsepower required to produce the thrust T is, from the energy
concept,

J.hp = STTUO— 2-6
or in the hover,

iho = T - _T || w -

ihp, = w50 550V2ps’~‘ et

In forward flight, the momentum analysis of NACA ARR LSE1O0 (Ref. 6) is used for
the calculation of induced velocity. Derivations are presented therein of the
ratio of induced velocity in forward flight to induced velocity in hover,

which varies as a function of the ratio of forward flight speed (in ft/sec) to
the induced velocity in hover, or symbolically, V/uH. A plot of this relation=-
ship derived by the NACA, for a single, isolated rotor, is reproduced in Figurs
2-1 below, The ratio u/uy is denoted herein by K,. The curve shom is for a
tilt angle o of the rotor tip path plane with respect to the horizontal, of
zero degrees, which is a conservative assumption (i.es tilt angles other than
zero, which occur in forward flight, would give slightly lower values of K in
forward flight, and hence slightly lower induced horsepower) .

1.0 = |

0.6 S .
& |
=
e | L

':I-E' L — — | i I oy -—

o | |

0 1.0 2,0 3.6 iy0 5.0 6,0 740

V/uy
Figure 2-1 Induced Velocity Variation with Airspeed
For Single, Isolated Rotors
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Using this plot, the induced horseypewer in forward {light may be simply calcu-
lated by including the factor in K, in cguaticn 2-7, giving

: : T
lhp = lhg_'Ku = 555 ‘%B'ZKU 2.8

Tu

555 and u = u,ky

since ihp =

It should be noted that all of the above equations are based upon the assump-
tion of a uniform distripution of the induced inflow, u (or uy in hovering)
over the rotor disk. The achtual distribution is generally not uniform, al-
though the use of highly tapered and twisted blades theoretically tends to
approach this ideal flow condition. In most cases, the actual distribution

is probably more nrearly parabolic or triangular, over the blade span. It is
assumed, conservatively, in the analyses herein, that the distribution is tri-
angular., As shown in Ref. 4, this triangular distribution would theoretically
increase the induced horsepower by a factor 1.13 above the ideal, uniform dis-
tribution value represented by equation 2-8, Throughout the remainder of this
report, then, the induced horserower is calculated from the corrected expres-

sion

R A T S oy _
Ihp = 555 T | zp82 Ku 29

2. Induced Power for Tandem Rotors

When two rotors are arranged in tandem, an induced power correction factor is
required in forward flight as a result of the fact that the rear rotor is in-
fluenced by the dovmwash generated by the front rotor. To analyze this effect,
an analogy with fixed wing momentum theory is used. Assume that the two rotors
operate at any instant on an air mass representec by two spheres (truncated in
the case of overlapping rotors), as shown in Figure 2~2 below.

=
™
rm
-
=2
e

9y

=T P, LS
L

P =— Overlap, XoR

e

¢Ave e Induced
Velc‘;leltj ,u

Vertical gap, XgR

Figure 2-2 Schematic Diagram for Tandem Rotor
Momentum Theory Analysis

CONFIDENTTIAL 7




CONFIDENTIAL

SECTION 2 - AERODYNAMICS AND PERFORMANCE ANALYSIS TECHNIQUES

The frontal projected cross sectional area of these truncated spheres, Ay, is
equa. to

(a) the disk area of one isolated rotor if there is no vertical gap be-
tween front and rear rotors,

or (b) an area slightly larger than that of one disk, if a vertical gap ex-
ists, in which case the area is formed by the superimposition of the
two circles whose centers are eccentric by the amount of the gap, as

shovm in Figure 2-2,

The effective disk area, Ay, of the overlapped rotors, is as shown equal to the
rlan view projected area of the two rotor disks, whose centers are eccentric by
one diameter less the overlap distance xR, where x, is the overlap expressed
as a fraction ¢i one rotor radius. In this report, the disk loading of tandem
rotor helicopters is defined as the thrust divided by the effective disk area

Age

The free stream velocity V is perpendicular to the cross sectional area A,
ahead of the rotors, and the induced velocity u is perpendicular to the etfec=-

tive disk area Ag.

From mamentum theory, an equation for total thrust can be written similar to
equation 2-2:

T=p(AZV?+ A2u?)igy 2-10

1
where the quantity p(Av2V2-+ Aezuz)ﬁdv is the vector mass flow of alr per sec-

ond, Again it can be shown that dV, the total change in velocity downstream of
the rotors, is equal to 2u, or twice the induced inflow velocity at the rotor
disk. Thus, equation 2-10 can be written

T= ZPAeK%)Z'F uaJ*u 211

Now in the hovering state, V= O, u = uy, and dV = 2y, hence from equation
2-10
T = pAcudV = 20Ae U

2 T w
u, = = -
where W is the disk loading T/Age
Hence, equation 2-l11 can be rewritten as
4
2 AV | 2]
qu[Ei)-%U:, u =13

which may be arranged as a quartic in w/ug:

8 CONFIDENTIAL
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)+ GIGIE -1 -0
or substituting Ky = w/u,
e (F(LFRE —1 -0 2

The area Ay may be caiculated, if the Iractional overlap x, is knovn, from the
followving equation:

A = ZRZ[TT - sin""xo— 2 +(1- %)\’xo— %}J 2-15

and the area Ay may be calculated, if the vertical gap X,, expressed as a frac-
tion of one rotor radius, is lmovm., from the following appraoximate equation:

A, = R¥*(T+2xg) 2-16
Equation 2~1 is plotted in Fipure 2-3 on the following page, for various values
of the area ratio A,/A.. Note that for an area ratio of 1.0, the curve is iden-
tical to that for single, isolated rotors given in Figure 2-1., At airspeeds
greater than zero, the curves for area ratios less than 1.0 show higher values
of K, than does the single, isolated rotor curve. This difference represents
the increase in tandem rotor induced power in forward flight, over that for
single rotors, Equation 2-1} and the curves in Figure 2-3 are of course ap-
proximations, but they have been found to provide good agreement with results

of more rigorous tandem rotor analyses and with experimental data.

3. Blade Tip Loss Factor, B

As shown in Reference 5, an approximate solution for the tip loss factor B for
lightly loaded rotors yields the following expression, plotted in Figure 2-L.

Vy2Cr 2-17

B=1-t&T

b
where b = number of blades per rotor, and Cp = thrust coefficient==T/€TTR2VT2

loOO ]I u I
o
9f f i
¢ . 4 Blades
96 | : -
B w
9l ' i i
! 2 blades
Py 92 — : :
.50 '
0 .00k 008 012

Cf
Figure 2-4 Blade Tip Loss Factor
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%o = Tandem Rotor overlap
Xz = Tandem Rotor vertical gap

Av/Ae
0.50
/*** -—-0.542 (Xo = / 8 )
K, ,——wzseo(xo= 4+, x; D)
\ / —O. Xo = N
i N / —0.80 . 5’ e
g : —1.00 (smeua ISOLATEU RomR)

"‘--._____‘_

g : ‘ -
1 i,
. p !

o oo ;. — D 1 --“E.u‘—?_-

0@ 1 2 3 b 5 6 1t 8 |
' '.".-'I'JH
( Figure 2-3: Induced Velocity Factor Ky, for Tandem Rotors , - - - ‘
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For preliminary analyses, in order to avoid determining a different value of B
for each of a series of' uhrus’ coefficients at difierent disk loadings and al-
titudes, it is sufficient to asswne B a censtant. A value of B= 0,96 has been
assumed for main rotors in the example analyses in this report. Statistics in-
dicate that most present operational helicoprters are designed for thrust coef-
ficients not less than 0015 and not greater than ,012, and it can be seen from
Figure 2-L that these extremss in Cp yield values of B which differ from 0.96

by only 3 or LY.

For tail rotors, past practice at Hiller has been to assume a constant B= 0,90,
to account for the higher tail rotor thrust coefficients, which may run as high

as 0,02 in hovering.

Lo Rotor Profile Power, Fhp

The rotor profile horsepower, or that required to balance the profile drag of

the rotating blades, is calculated herein using expressions derived fram those
in Reference 3. As shown therein, a blade element theory approach coupled with
the assumption of a constant blade section drag coefficient cq, along the blade

span and around the azimuth, leads to an expression for Rhp as follows:
3

where is a factor which accounts for the power rise due to the dissymetry of
forward flight, Ap is the total blade area, and Vp is the tip speed of the rotor.

(a) Mean blade profile drag coefficient, Cdy

In Wiesner's method (Ref. 3) as modified by Ref. h, the two—dimensional Cdg is
assumed to be equivalent to a mean value, dependent on the mean blade 1ift co=-
efficient Cy., or its corresponding mean blade angle of attack .. The mean

blade 1ift cgefficient is defined as

6C
CL,.= =& 2-19
. | _ T _w _
and since the thrust coefficient Cp = PTREVR = PV2 2=20
equation 2-19 may be rewritten
C,= &fve) 2-2]

T PY
The mean section angle of attack of, is related to Cp, by the 1ift curve slope,
a =dCp/dx . Thus, '

a a P Vrz 2=22
and o, is commonly expressed in the parabolic

oLy =

The relationship between cy

form ©

Gdo = (SO + 51dr + 62_d-72" 2-23
Quantitatively, a mean profile drag coefficient for "good" practical construc-

CONFIDENTIAL 11
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SECTION 2 - AERODYNAMICS AND PERFORMANCE ANAL...5 TECHNIQUES

tion blades of conventional airfoil section has in the past been assumed by the
NACA to be represented by

Gy = .0087 —.0216p + . 4LE 2.2);

However, it is noted that equation 2-2L gives minimum drag at a positive angle
of attack, which is not true for the symmetrical airfoil sections most commonly
used for helicopter rotor blades., For this reason, and to simplify calcula-
tions, the expression for cgq, used herein assumes 61= 0, thereby giving mini-
mum drag at zero angle of atgack.

Cao = o + 8% 2-25
By substituting for og? from equation 2-22, equation 2-25 is converted to
_ 36 ngwéc)z
cdo - 60 + QRP VT 2-26

For the example analyses in this report, the following values for ég and 62
were assumed:

4, =.009

$,=.3

These assumptions represent a drag polar which is slightly higher than the NACA
variation, equation 2-2l, as shown by the comparison in Figure 2-5 on the fol-
lowing page. The higher curve is selected as a reasonably conservative mean
approximation to the section drag characteristics of NACA airfoils of the 0012
to 0018 series.

(b) Dissymetry profile power correction factor, Ku :

This factor, defined by Wiesner (Ref. 3) is a function only of tip speed ratio,
, and the drag losses associated with stall of the retreating blade, and the

slightly higher drag of the reversed flow regions. Ideally, if these latter

effects were not present, the blade element integration results in the follow=

expression for Ky :
Ku= 1+ 3p? + %p* 227

The effects of retreating blade stall and increased drag of the reversed flow
regions are accounted for in Wiesnerts method by use of a more general expres-—
sion

Ku = 1+ 3p2+cp* 2-28

where the coefficient c), replaces the value 3/8, and is intended to account for
these additional stall and reversed flow effects, Wiesner recommends a value
of ¢) = 30 for Cr, values of O¢6 or less. Figure 2-6 on the following page
shows plots of Ky versus the tip speed ratiou, for values of ¢) from 3/8 up to

304
By substituting for blade area from its definition

A, = T 229

w/o
12 CONFIDENTIAL
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and substituting for cy, from equation 2-26, equation 2-18 can be rewritten in
a form more convenient for parametric analysis calculations:

Rhp = _T_[&f_ﬁ . &N e

w/o a? e Vr H

5. Helicopter Parasite Power, php

The parasite drag and parasite horsepower of helicopters are generally estimated
by the same procedure used for fixed wing aircraft, namely, by making a "drag
breakdovm" of the various contributing components (fuselage, tail boom, empen-
nage, rotor hubs, landing gear, and so forth), The concept of an equivalent
flat plate drag area, Ay , is used. This drag area is simply the sum of all the

contributing component drag areas, OAg, , or

n
A = };AA,rn 2-31

vwhere the components number fram 1 to n.

The individual component AAy 's are defined as

where Cp is the drag coefficient of the component, aad AS is its projected
frontal area,

The total parasite drag is then
-Dp = An'q 2=33
where q is the free-stream dynamic pressure, (tO/2)V2, (V in ft/sec).

The parasite power required to overcome this drag is

PhP = % = Asﬂ;;o\i = %An’vi (V in ft/sec) 2=3l
It is well to note that past experience has shown helicopter manufacturers' pre-
liminary parasite drag estimates to be generally over-optimistic. This may have
been due in part to the lack of reliable wind-tunnel test data in flow condi-
tions which actually exist over the helicopter components in flight. When this
is the case, the only recourse for a preliminary design estimate of Ay is the
experience and judgement of the aerodynamics engineer in making adequate allow-
ances for interference effects,

For broad parametric analyses over a large range of gross weight, such as that

covered in the Summary Report of this contract (Ref. 1), drag analyses of typ-

ical configurations of varying sizes, augmented by statistics where available,

will generally permit the establishment of a mathematical variation of Ay with

gross weight, Figure 2-7 shows the three typical variations which were used in
Reference 1 for transport type helicopters with

(a) fixed landing gear and payload carried internally

1 CONFIDENTIAL
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(b) retractable landing rear and payload carried iniernally

(¢) fixed landing gear and payload carried externally

6. Total Power Required at Rotor, rip

As vas shown by equation 2-1, the total power required at the main rotor(s),
rhp, is the swn of

ihp (equation 2-5)
Rhp (equation 2-30)
rhp (equation 2-3L)

For generalized parametric analyses, it has been found expedient to calculate
power required per pound gross weight, rph/W. Making the following substitu-
tions in the above equations,

(a) @ =.002378(¢p/po) 2-35

where p/p, is the ratio of air mass density p at any altitude and
temperature, to the standard NACA value at sea level, @, = .002378;

(b) T =W, since for steady, unaccelerated lzvel flight the thrust T of
a lifting helicopter rotor is for all practical purposes equal to
the gross weight W;

(¢) Forward velocity V is converted to units of knots by the relation-
ship, knots = ,592 x ft/sec, where it occurs in equation 2-35 for
php;

and dividing all equations through by the gross weight W, then the final, gen=-
eralized expression for rhp/W is

rhp _ .0297 VW S VRO | 3.446.(W0)
T = FETOT K, + | 4k eyl - SG ,

2-36
+1045 P/ (ps) 2

where V, in the last term, is in knots,

For given values of W, B, p/os & Ops W/ 5 Ur, 3, and Ag (or Ay /W), this
power required equation will have the general appearance shom in Figure 2-8
below, when plotted versus airspeed V.

"\\

hp
w

Figure 2-8
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To Tail Rotor Power, hpy

a) Anti-Torque Tail Robors:
For geared—drive single main rotor helicopters, the main rotor torque Q

vhich must be balanced by tzil rotor thrust Ty is
Q= 550 5§rh9) 237
T

where R = main rotor radiue in feet, Vr = main rotor Lip speed in ft/sec,
and rhp = main rotocr power (equation 2-36).

Thus, if the tail rotor nmoment am is 1t in feet, then

_ _ 550R(rhp) 238
Ll V2 ?

and the tail rotor disi loading is

- _I SSOR(rhp)

W, = —%_ = -
tTOmRET L TR? e
Tail rotor inducad power can be calculated from the same equation used for
main rotor induced power, equation 2-9, except that it replaces T, Wy re-
places w, and Ky as read from Figure 2-1 is based on the ratio V/th instead
of V/uge The tail rotor induced velocity in static thrust is

- W 2-0
u”t—\,2952 =
As was discussed in paragraph 3,, it is sufficient for normal accuracy to

assume a constant value for tail rotor tip loss factor B, and a value of
0,90 is recomnended.

Either equation 2--18 or 2-30 may be used to calculate tail rotor power, pro-—
vided tail rotor blade area A,y and tail rotor tip speed Vp, are substituted,
and Kyis based on the tail rotor tip speed ratio. py = V/Vpg. Although the
tail rotor profile drag coefficient Cdoy, will actually change with forward

speed, as the tail rotor pitch angles and corresponding angles of attack
change with changing tail rotor thrust requirements, it is generally suf-
ficient to assume a constant value for Cdot» Since the tail rotor profile
power is a very minor fraction of the total helicopter power required. A
value of cdot = 0.02 is recommended as a conservative mean approximation.

Total tail rotor power required, hpt, for anti~torque tail rotors, is the
sum of the induced power (equation 2-9, modified) and the profile power
(equation 2-18 or 2-30, modified).

b} Tail Robors for Tip-Powered Helicopters:
Since the tail rotor on tip-powered helicopters is required only for direc-
tional control, as there is no main rotor torque reaction, the tail rotor
thrust for this type is essentially zero throughout the range of flight
speeds from hover to maximum speed, when the flight path is straight and
level, The diameter, blade area, solidity, and moment arm (distance from
main rotor to tail rotor hub) are therefore selected as the minimum to give
adequate directional control capabilities. In this report, the tail rotor
dimensions used in the example analyses of tip—powered helicopters were based

CONFIDENTIAL 17
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on the directional control requirements specified in Liilitary Specification
MIL-H-8501, (Ref. 17). The rower required by the tail rotor for tip powered
heliconters, in straight and level flignt, consiste cnly of prefile pover,
and may be calculated as for the anti-torque tail rotors discussed in (a)
above, from either equation 2-18 or 2-30. Again, the asswaption of a con-
stant Cdo, = 0,02 is recommended as a conservative approaximation.

8. Propulsive Efficiency and Total Brake liorsepower Required:

The total t ake horsepower required by a helicopter may be written as the sum of

Total brake Horsepowver Tail rotor
horsepowver = required at + lorsepover + Gear losses
required main rotor(s) required

Bhp = rhp + hp, + hpg 2-41

For generalized analyses, it has been found expedient to express both hpy and
hp, in terms of ratios with the total horsepower required, Bhp. These ratios

are defined as

_ hp
d K, = Pe. 2.}
Qll g~ Bhp 3

Equation 2-L41 can then be written as

Bhp = rhp -+ Buh/P(Kt'l' Kg)

W W
Bhp _ _rhp/W _ 1rhp
or W - l_Kt_Kg - q W 2"11-}4

where n is the propulsive efficiancy, equal to 1 - Ky - Kge

For geared—drive single rotor helicopters, a 3% gear loss (Ky,= 0,03) is rec-
ommended, and for geared-drive tandem rotor helicopters, a % gear loss (K,=
04,0L) is recommended. The higher gear loss for tandem rotors accounts for the
additional main transmission and intermediate or right-angle gear boxes.

For tip-powered helicopters, 3% of tail rotor power is recommended as a reas-
onable assumption for gear losses. In this case, the procedure is to include
this loss in the calculation of the tail rotor power, factor K, and assume

Kg= O.

In general, it has been found from calculations of tail rotor power for repre-—
sentative sets of design parameters and conventional tail rotor dimensions, that
the variation of Kt with forward speed may be represented by a single curve
which holds approximately for all disk loadings and altitudes. Curves of Ki

18 CONFIDENTTAL
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and n versus forwvard flipghy speed, used for the exanple analyses herein, are
included in Part E of this section,

C. ROTOR TIP STALL AYD COMPHESSIBILITY LIDMITS

The power required equations developed in the preceding part of this report are
valid only at forward speeds bpelow the limits at which either the retreating
blade tip stalls, or the advancing blade tip encounters conpressibility drag
divergence due to its high Mach muaper. At speeds beyond the retreating tin
stall limit, it is a well documented fact that not oniy ecxtreme increases in
pover, but also control and vibration problems must be reckoned vith. The high
Mach number compressibility effects, though not so well documented, are known
to give rise also to a rapid power rise, but there is no absolute indication
that control and vibration problems are as severe in this case as for the case
of tip stall, Both of these limits derend primarily on rotor tip speed, for-
ward speed, and blade angle of attack variation around the azimuth and along
the blade span, Approximate methods for establishing these limits are given

below,

1. Retreating Blade Tip Stall

Denoting the angle of attack of any blade element at a spamiise position r = xR
and at azimuth V¥ as Ly s then from Figure 2-9 it may be seen that

xx}w = ex)w - ¢x)w 2-)-‘5 )
vhere 6, 1is the pitch of the blade section, defined as

O,y = 6, + X, + ©,5InY + §,co5 ¥ 2-U6

6, is the collective pitch at the blade root.
9 is the blade twist from root to tip (negative when tip angle is less than

root angle).
6, is the cyclic pitch amplitude vhen the blades are at Y= 90° or 270°,

eals the cyclic pitch amplitvde when the blades are at W= 00 or 180°,

o
e §
rezdtah [ d:.:'ru+V5'mo('
Tip Path Plane —_— -t i
..-*".-f"l_ ,
[ XV ~———-~+Vsmt?*(
~ Blade elementat  wae ;ﬂ,{,

"~ station r=xR
and azimuth ¥

Figure 2-9 Blade Element Geometry
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o ro\ca e Ko € 3

mers the conflicients Ky, Ko, and K3 are functions only of tip speed ratiop,
and iy loss factor o,

Figmre 2-1G on the following rapge presents plous of these coefficients versus
P for an assumed value of B = Go%6.

it is also shown in Reference L that, in straight and level unaccelerated
fl.l#ht, Yhe cyelic piteh amplitude ©5 is approximately zero, and the cyclic
piben amplitude 07 is mlated to A, 65, and © as follows:

B, = CA — C36, ~ G468, 251,

where the coefficients Cp, C3, and C) are also functions only of tip speed ratio
B, and tip loss factor B, %igure ¢-11 on the following page presents plots of
these coeflicients versus M, for an assumed value of B = 0496.

Hote that the algebraic sign on A'in equations 2-48, 2-50, 2-52, 2-53, and 2-54
i3 reversed from the sign convention used in Reference L, since in this report

is defined as positive when the inflow is dowrward through the rotor, where-
as in Reference li, A'was defined as positive when the inflow is upward through

bhe rolor {aubopyro sign convention) .
Since robor sball usually occurs first on the re“reating blade tip (x=1), at
or very close to the azimuth ¥=270°, an expression for the angle of attack of
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the tip at YW= 270° is needed to determine tip stall limits. Substituting

x =1, ¥=270° and OE= O in equation 2-51, substituting for @, and 6 from
equations 2-53 and 2-5L, and substituting 2Cn/oa = C1,/3a (equation 2-19), an
expression for the retreating tip angle of attack nay be written -

Liperey = Ay Cr t Az)\' + Az €, 2-55

A similar expression for the tip angle of attack on the advancing side at ¥=909°,
useful in determining the advancing blade compressibility limits as discussed
in paragraph 2 wvhich follows, is

Ceiyao) =A1'CL,.+A2')\' + As & 2-56

The coefficients Ay, Ap, A3, Ay', Ap', and A3' involve only the coefficients Kj,
Ko, K3, C2, C3, and C), from equations 2-52 and 2-54, and are therefore also
functzons ‘nly of tip speed ratio g and tip loss factor B.

Figure 2-12 on the following page is a plot of these A coefficients versus p ,
for the assumed value of B = 0,96.

The incidence angle of the tip path plane «' can be calculated as the angle whose
tangent is the overall helicopter drag-lift ratio, as follows:

’ -4
In this equation, Dp is the parasite drag (equation 2-33), and H is the residual
downstream drag force of the rotor, which may be shown (Reference L) to be equal

to
H = 232 (Rhpy) 2)s" 2-58

where Fhpy is the hovering profile horsepower, calculated from either equation
2-18 or 2-30, with KP = 1.0, and V is in ft/sec.,

As may be seen from equation 2-55, a given set of values of A s 9% , and p
(which fixes the values of Ay, Ao, and Aq), establishes a direct relationship
botween the mean blade 1lift coefficient 8Lr and the retreating tip angle of at-
tack. Thus GC(l (270) increases as Cr,, increases, From inspection of equation
2-21 which shows' the relationship between Cr,, blade loading w/o- , density )
and tip speed Vp, it can be seen that d:(l)(270) will increase as blade loading
increases, or as tip speed decreases,

Figure 2-~13 on the following page is a typical plot of OC(]_)(270) and Océl%(%)
versus tip speed ratio u, for a series of mean blade lift coefficients and tip
speeds, This chart was prepared for a single rotor helicopter with a blade twist
of -8° and an assumed flat plate area ratio Ay /W= 0,0025, which from Figure 2-7
may be -shown to correspond to a 10,000 1b, gross weight helicopter with fixed
landing gear, carrying payload internally. The disk loading assumed for this
chart wag L lb/ft2 s however, it has been found that other disk loadings up to
12 1b/ft¢ changes the tip angles of attack shown in Figure 2-13 by a negligible
amount, Thus, for preliminary analyses it is sufficient to assume that OC(]_)
70% and C(( )(9()% are independent of disk loading. Note also that changing
'ége ip speed _;t‘rom N0 to 700 ft/sec causes essentially no change in d(l)(90)
and causes only a slight increase in OC(l) (270) at the higher values of H e
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Assuming a tip stall limit of Cf(l)(g 0) = 129, which is commonly used by the
NACA for most airfoils now used on helicopter blades, the stall-limited values
of p for each Cp,, may, from Figure 2-13, be converted tc limits on forward speed
in knots at a given tip speed. Fipgure 2-1li below presents an example of these
limits in the form of a chart of minimum (stall-limited) tip speed versus Cy. at
sea level, for selected forward speeds of 100 knots and 120 knots,

Yoo

B00F —

7001 —

Vr - ft/sec

600 }-— ————— 2 (I
¢ - Minimum Tip Speeds

(Tip-stqll Liml:ted)

500 —

LOO
0.3 0.L 0.5 0.6 0.7

S.L, Mean Blade Lift Coefficient, Clrgy

Figure 2-14

24 Advancing Blade Tip Compressibility Drag Rise

The NACA (Reference 7) has established from tests-of a helicopter rotor at zerc
forward speed at a series of tip speeds, a variation of "drag divergence! Mach
number of the blade tip, beyond which a marked increase in torque and power was
measured, A mean fairing of this NACA data is plotted as the lower dashed line
in Figure 2-15. Since the NACA datawere taken in the zero forward speed condi--
tion, in which the blade angles of attack and attendant drag are the same for
any azimuth position, this curve may be somewhat conservative as a limit for the
advancing blade tip in forward flight, since in the latter condition only the
blade tips at or near ¥ =90° contribute to the compressibility rise in power
(except in cases of extremely high Orp at intermediate forward speeds, in which
case drag divergence may occur first on the retreating blade tip)e The prob-
ability that actual limiting advancing tip Mach numbers are not as severe as

the NACA data would indicate is apparently borne out by actual flight tests of
Sikorsky, Piasecki, and Bell machines, publicized reports of which indicate ad-
vancing tip Mach numbers as high as 0,8 or 0,9 have been demonstrated with no
noticeable adverse effects. In the absence of more definite quantitative data,
the upper curve included in Figure 2-15, taken from Reference 8, is suggested

as a practical limit, for currently used helicopter blade sections.
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Figure 2-1%

Using advancing tip angle of attack data, from plots of 51}(90) versus f sime
ilar to Figure 2-13, compressibility limits on tip speed and Iorward speed can
be determined from Figure 2-15, At a given p and forward speed, the compressi-

bility-limited tip cpeed, in ft/sec, is

- as Mg
Vrex = T+ 169 [T 2

where }Jmm = V/Vimax
= fiorward speed in knote

Md = assumed drag d1ve1 gence Mach mumber, from Figure 2-15, cor-
responding to ) 90) from Figure 2-13 for given Cr,, and ph,,
ag =speed of sound in fi/sec
1116 ft/sec at zea level
1097 ft/sec at 5000 ft
1076 ft/sec at 10000 ft

The resulting limits may again be presented, as was done for the tip stall lim-
its, in a chart of Vr versus Cr,. for given values of forward speed. Figure
2-16 on the tollowing page combines the compressibility limits calculated for
the example used previously (Aq /W = 0.0025, blade twisth Oc = -80) for forward
speeds of 100 and 120 knots, at sea level, with the tip stall limits from Fige
ure 2-15. Also included on this chart are lines of constant blade loading,
w/c- » Charts of this type are quite useful in delineating the areas of tip
speed, mean blade 1ift coefficient, and blade loading in which it is permis-
sable to operate, at given forward speeds, with no tip stall or compressibility

effects,
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For an optimization study such as that of ieference 1., the advancing blade tip
angles of attack may be held at an ideal zero degrees at any specified forward
speed and tip speed, by proper sclection of the blade twist, As seen from Fig-
ure 2-15, setting o( 12 90) = 0° gives the maximum possible Mach number for
drag divergenco. Anaiv "Cuilj, this is accomplished by setting equation 2-56
for ) equal to zero, and solving for @¢ , which then represents the
ont.num b ado twist for any specified cruise condition. Thus

(l)(“io) =0= A C'Lr‘ + AZ. ’)\ + A3 €opt.
v A;
oY eeopf = CLF A: 2-60

The retreating blade tip angle of attack, equation 2-55, can then be rewritten
for this ideal condition, substituting for 6, from equation 2-60, as follows:

S = Ay Curt A X = BIALC, - By AN
As A
L)

The retreating tip stall limits for this ideal case are determined by the pro-
cedure outlined in paragraph (1), and the advancing tip compressibility limits
are simply determined by the drag divergence liach number at zero angle of at-
tack (Mg = 0,82 from the assumed upper curve of Figure 2-15).

The maximum tip speed will then no longer decrcase as (1, increases, and the
rotor 1limits chart will have the appearance similar to that shewm in Reference

1, Figure B-2, Appendix B,

For an analysis of the incremental power rise when and if it is determined feas-
ible to exceed *“he tip stall and tip compressibility limits discussed above, the

approximate method of Reference 9 is suggested,
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D. PERFORMANCE ANALYSIS

1, Power Available and Design Power Loading

In order to calculate hover ceiling, rate of climb, and cruise performance of
the helicopter, the installed power available at sea level, and the manner in
vhich this installed power drops off with altitude, must be knovm., It is con-
venient to express the available pcwer in terms of a ratio with gross weight,.
The design power loading provides a commonly used design parameter for this

s G RS e

purpose.
Specifically, design rvower loading is defined in this report as
W
1, = — 2-62
P HP

where HP is defined as the engine "Normal Rated Horsepower! at sea level, some-
times referred to as '"maximum continuous" power,

For all air-breathin; engines, the power available drops off in some fashion as
altitude increases, and also as temperature increases., A qualitative and com-
parative illustration of the general trends in power drop—off at altitude for
reciprocating, geared-turbine, turbojet, and ramjet engines is shown in Figure
) 2-17 below, The power drop of the so-called "pressure Jet" helicopter power
plant would correspond to the drop-off of whichever type of power plant (re-
ciprocating or geared-turbine) is used to drive the air-source compressor.

A.Recipracating Engines
10000 1 B. Supercharged Recipro-
cating Engines

3 C. Geared Gas Turbine
3 and Turtojet Engines \'\ . __critical
g, D. Ramjet Engines \‘-, | Taltitude
g i
. S.L.
0 1.0
kp = power available at altitude _ ahpp
N.Rated power at sea level  HP

Figure 2-17
Curve B, for reciprocating engines with a single-speed supercharger having one
critical altitude, shows constant power below the critical altitude (limited by
maximum design internal engine pressures), and a power drop above this altitude
at the same rate as for the unsupercharged reciprocating engines,

I The reciprocating engines manifest a more rapid drop in power with altitude than
do the jet types, because the latter are much more sensitive to inlet air tem=
perature changes, thus as temperature decreases with increases in altitude, the
jet engines regain more of the losses due to air pressure and density decreases
than do the reciprocating engines, Conversely, if temperature increases at a
constant pressure altitude, the reciprocating engines suffer only a slight power
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drop, vhercas the jev types suffer a very large power drop.

Ramjet engines (Curve D) operate at hipgher combustion temperatures than the tur-
bine tyres. hence a decrease in temperature has less effect in changing the tem-
perature ratio of the ramjet, upon which the power output depends, than it does
for the turbine typaes. This explains the more rapid power drop of the ramjet
compared with the turbines, as altitude increases,

Generalized quantitative power plant characteristics for the types discussed

above, as well as for helicopter pressure jet power plant systems, are included
in the example analywses in Part E which follows,

2., Hover Ceiling Analysis

a) Out of Ground Effect:
Hover ceiling is most generally determined graphically, by plotting hover
power required (esquation 2-36, with V = 0, K, = 1.0, and K, = 1.0) versus
altitude, and superimposing on this a plot of power available versus alti-
tude. The altitude at which these tvio curves cross is the hover ceiling,
as illustrated in Figure 2-18.

-— Hover Power Required
(Equations 2-36 ¢ 2-44)

Altitude [— — _ Hover Casling, h— — —

- Power Available

S. L.
Horsepower
Figure 2-18

If the hover ceiling is specified, and it is desired to determine the sea
level design power loading required to achieve this hover ceiling, the fol-
lowing mathematical procedure may be used:

let h = specified hover ceiling altitude (where, by definition, hover
power required equals power available)

(*BVCP’9 = hover power required per pound gross weight, at altitude h
h

(avleg) = power available per pound gross weight, at altitude h
h

Gz
K, = ahP“: <‘N h— ratio of available power at altitude h, to sea level
HP Gﬁfa normal rated power, (obtained from chart such as Fig-
ure 2-17)
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Then by definition

Bhpy) _ ahe) - (_Ha) = Kn
<W/h—(wh " S lp 73
_ K
or lp = (@Eﬂ) 2-6l,
W /h

Thus, for a given hover ceiling h, and ~ given engine power drop-off factor
ky, the power loading L, decreases as Brpy/)y, increases.

Disk loading is the major influential design parameter affecting hover power
required. As may ve seen irom equation 2-36, if all other design parameters
are fixed, then the hover power required per pound gross weight (at V= 0)
increases with disk loading. Figure 2-19 below is a general chart illustrat-
ing this increase. Included on this chart are dashed curves of available
power per pound gross weight necessary for a hover ceiling at altitude h.

By definition, (see equation 2-62) the sea level values of these power avail-
able curves are the inverse of the design povwer loading, or HP/V = l/.l.p. By
this grarhical procedure, the variation of lp viith w for a given hover ceil-
ing h can be determined, and plotted in a chart such as Figure 2-20,

Hover Fower Required, Bhp, /W
— —— — Engine Power Available, ahp/W

Sealevel points x denote %&1 = ’;V—E = 4 corresponcing:

'é, to given dasr loodmg, andlhover ceilings hyand h,
§ '.‘I i u}{ 3 Hove & NCC«I.I,J".'g__hz ~]
3 it . T N b, |

e ) X
Disk " \ NN
EN AN AAAN
i J/-.n-.:,rH' 6 1b/FE  f8 b4k
S.L. L) Sl NN
Horsepower per Pound Gross Weight

Figure 2-19

Power Loading
1, = W/HP

Disk Loading, w = lb/ft2
Figure 2-20
30
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b) In Ground Effect :

The effect of the proximity of a lifting rotor to the ground plane is the
creation of an air "ecushion' of hipher pressure, which manifests itself in
a reduction of ithe induced power required tc produce given thrust., There
are several theoretical treatments of this phenomenon in the technical lit-
erature, however, the results of these analyses have not in general given
consistent good agreement. with test data, For this reason, and in the in-
terest of simplicity, it is considered sufficienl for most purposes to rely
on fairings from test data, such as shovm in Firure 2-21 below,

Fipure 2-21 shows a variation of tne ratio (ith'/ith) versus the ratio
2/D, vhere

ihpy is the hovering induced horsepower out of ground effect
ihpy' is the hovering induced .horsepover in ground effect
Z is the height of the rotor above the ground plane

and D is the rotor diameter,

This chart is based primarily on test data of the Hiller H-23 series heli-
copters, however, analyses have shovm it to predict the hover performance of
other manufacturerst' helicopters within a few percent of published figures,
The curve shows that the ground effect is non-existent (ith'/ith== 1.0) at
a rotor height of two diameters from the ground plane (Z/D = 2,0).

1.0

008‘__—‘ 5 -
ihpy 0.64
ihpy From Hiller H-23B8 & H-23C

Qb= —- cAA Certification Test Data

0.2_____.___. e e e — . — =

O 4 T T T T T T T

¢ 0.5 1,0 1.5 2.0

Rotor Height/Rotor Diameter, /D
Figure 2-21: Ground Effect

Using Figure 2-21, the hover induced power required at a given Z/D may be
calculated by multiplying the hover induced power from equation 2-9 by the
ratio ith'/ith° The total power required is then calculated by the pro-
cedure previously discussed, and the hover ceiling in ground effect deter-
mined in the same manner as illustrated in paragraph 2(a) above.

3. Vertical Rate of Climb

Vertical rate of climb, R/Cy, is calculated herein by the method developed by
Wiesner (Ref. 3). In this method, the total flow through the rotor in vertical

climb is

U. = RIC, + Ug
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vhere w, is the induced velocity in climb, which may Le shovm by momentum theory
to be related t> vertical rate of climb, and to induced velocity in hover, uy,

by the following relationship:

2
U = — %Q +[&%}- + u{l 2-66

From considerations of kinetic energy, the total flow through the rotor, U,, is

= 550 chp
U =13 W ol
where the 1.13 factor, as discussed in Part B, paragraph 1 of this section, ac-
counts for the assumption of triangular inflow distribution, and chp is the
power available to produce this flow. Hence, chp is the difference between
the available power at the rotor, ahp, and the profile power required to over-
come the profile drag of the blades. Since the profile power is the same in
vertical climb (M =0) as in hovering, chp can be written as

chp = nahp — Rhpy 2-68
Dividing equation 2-68 through by gross weight W, then
chp _ , ahp _ Rhpy
W N W W 2-69

or, substituting for l from equation 2-6L, the chp/W available at altitude h
is

&) =n 12 -

where (Rh ), is the hover profile power per pound, at altitude h, calculated
from equation 2—30 with p=0, and pro corresponding to altitude h,

Rhgﬁ)
W 2-70

Equation 2-67 for U, can be re-written, substituting from chp/W from equation
2=70, as follows:

U = ffé’ [’l )h] 2-71

Combining equations 2-65 and 2-66, and re-arranging terms, the vertical rate of
climb in ft/sec is

_ U?
RIC, = U, - O 272
Equation 2-~72 is plotted in the form of curves of R/C in ft/min. versus Uc Fig~

ure 2-22, for various values of hovering induced ve1001ty Wy in ft/sec, which
may be calculabed as a function of disk loading w from the relationship given

in equation 2-5,

Lo Maximum Rate of Climb

Maximum rate of climb R/Cmax of a helicopter is devermined in the same manner
as for fixed-wing aircraft. The rate of climb at a given forward speed depends
on the excess power available for climb (or the difference between power avail-
able and power required for level flight), and the maximum occurs at that for-
ward speed at which this excess power is a maximum., Figure 2-23 illustrates
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R/C, = 60(U, - u /L) , n ft/mmn

eal Rates of Climb, R/Cy - £%/min

-

Yert

Uc = ft/SGC

 Figure 2-22: Vertical Rate of Climb -
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the graphical determination of this ma~imum excess power and corresponding best
climb speed, V..

The equation for maximum rate of climb is simply derived from the i'act that the
excess power is converted into climb energy, ft-lbs/min, or the product of the
weight being raised times the rate at which it is being raised. Thus

N e = n(ahp ~ Bhm)

or R/Crax = 330007(%2 - B’x)m'“) 2-73

The propulsive efficiency, n , is included since the actual excess power avail-
able for climb is that available at the main rotor(s).

A general expression for R/C at any altitucde h can be written from eguation
2-73, converting the temm ahr}g% into terms of power loading lp and engine power

drop-off factor ky, (equation 2-6L) as follows:

(R/C"'“")h = 330001 ‘1‘—: _(%".)J 2-7h
:‘ available Pﬂwtrjl ahp '

MAaXimum excess
power forchimb

ﬂhF’mm; =anhp= EHH,I."_

Horsepower

. level flLight
— power required,

best climb speed, V¢ Bhp

0 '

0 Airspeed V

Figure 2-23
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5. Cruise Muel Rate

Tha craise fiel rate depends on the level flight power required, at cruise speed,
and orn the engine fuel consumpiicn characteristics, generally given in tems of
the srecific fuel consumption, S¥C, in 1lbs, fuel per horsepover-hour, Engine
specifications generally vresent charts of SFC versus the power setting in ver-
cent of normal rated powsr, defined herein as ahp. The percent of ahp in cruise
is then

B"'Pcrwsu

%Fower = 100 ahp

or in werms of power loading 1, and Bhp/¥i,

- +(Bh ) 275
“Pover = 100 ( 2np
SPower = 1 (Lp)( W erose

Defining VWi = fuel weight in pounds
= Vig/W = fuel weight to gross weight ratio

then, the cruise fuel rate in pounds per hour is the derivative

dWe _ sec (Bhp) 2-76

dt Cruise

and the cruise fuel rate in pounds of fuel per pound gross veight per hour is
the derivative

IRe Bhp

Pl SFC (— ) 277

t W crutse

For range and radius of action mission analyses, it is convenient to express the
fuel rate in terms of pounds fuel per pound gross weight per mile (or per naut-
ical mile, since speed and range are now generally specified by the military in
lnots and nautical miles, respectively).

Defining R = range or distance traveled, in nautical miles, then the pounds of
fuel per nautical mile may be expressed as the derivative

dWe _ 1 dWr _ SFC Bh

AR T V dt ~ V Peruise 2-78
and the corresponding derivative of Rp, in pounds per pound per nautical mile
is

dRg _ 1 dRe _ SFC <Bhp 2

dR V dt v W Jeruise -
For endurance missions wherein the endurance time T, is of primary importance,
equation 2-77 is useful, since for a given fuel weight/gross weight ratio Rp,

Re
Endurance = =
° ([@Re/dt)

and for range missicns wherein the distance R is of primary importance, Equa=-
tion 2-79 is useful, since

in hours 280

. R . . .
isbane = o No 1 nautical mil
Distance R @R /3R , in nautical miles 581
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It is apparent that maximum endurance is attained at the speed at which dRg/db
is a minimum, and maximum distance is attained at the speed at which df?;;\/dﬁ is
a minimun, for a given fuel weight/gross weight ratio, Rp.

The method and steps supggested for determining minimum dRF/dt and minimum
dRF/dR, and corresponding best endurance and best cruise speeds, Veng, and Vep,

are illustrated below in Figure 2-2k.

(@D Given engine SFC curve vs. #power [ > SFC \'

@ For a given set of design parame- @
calculate Ehp/w vs. V from equa- 12
tions 2-36 and 2-LL.

0 vV

() Using data in () and specified best cruise at
power loading lp, calculated % }‘I}';‘g'::’f:’"*@
power vs., V from equation 2-75, vt N\
Read SFC for this variation in —:: dHy Sruunance
#power from (D) , and calculate I ) S
dRp/dt from equation 2-77. De- 5 L Ver
termine minimum dRF/dt and cor- - T 4 a
responding Vepq4q, graphically, 0 ¥

from plot as shown. i

@ Using data in @O , @ , and/or @
@ , calculate dRF/dR from equa- :>,
tion 2-79. Determine minimum dRp/ . _-fﬁ"%lj._._ .

dR and corresponding best cruise "
speed V., graphically, from plot %"

as shown. 0 v
Figure 2~24

NOTE: Best cruise speed Vgp and minimum dRp/dR may also be determined from chart
in step @ . Tangent to dRp/dt curve, drawn from origin, establishes
Vers and from equation 2-79 the minimum dRFAR is equal to (dRp/dt) @ Vgp

<+ Vers

s
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6.+ Fuel Veight Ratio, Ry, for Specified Missions:

Usually the mission is spelled out in detail, incluvding for example a specified
time for start and wam-up at normmal rated power, climb on course to a sreci-
fied cruise altitude, cruise at altitude to a remote base, descend to land:mg
at remote base (with no fuel used and no distance credit - a simplifying ap-
proximation), followed by a return to home base in same manner as above, ard a
specified rercentage of total fuel remaining as reserve at the end of the mis-
sion, Military Specification MIL-C-5011A (Ref, 16) is an example publication
in which standard missions for helicopters are specified.

a) Radius of action mission:
The fuel weight ratio Rp required to meet the given missicn requirements is
calculated as the sum of the incremental Ry for climb, cruise, and start,
plus the percent held in reserve,

Total _  Climb ,  Cruise Start & Vlam=-up Reserve
Fuel =  Fuel Fuel Fuel Fuel
Rp = ARFqy + ARp, + ARFB + kRp 2-81

where climb fuel

o (hy=h\/ Ve \/3RE

ARpy = Z(R/C bO)\dR 2-82

cruise fuel
)

ARp, = 2(R - RIC 60)\3R I 2-83

start and warm-up fuel
ts ) -
ARpy = 2(60)(dt S

reserve fuel fraction Kki.
and h] = cruise altitude in feet
h, = base altitude in feet
R/C = average maximum rate of climb in ft/min, from hg to hp

= airspeed for maximum rate of climb in knots

TN
0,

_RE) full throttle fuel rate per pound gross weight per n. mile
()

dr

_d_fﬁ‘) full throttle fuel rate per pound gross weight per hour
d’o b

dR cruise fuel rate per pound gross weight per n. mile
R in

tg = time for one start and warm-up in minutes

R = mission radius of action in n, miles

CONFIDENTTAL 37



CONFIDENTIAL

SECTION 2 - AERODYMAMICS AND FERFORMANCE ANALYSIS TECHMTQUES

b) Endurance mission:

c)

The Rp for an endurance mission is calculated in the same manner as for the
radius of action mission, with the exception that the cruise fuel at altitude

hy is
ARg, = (Te - gﬁ)(%mm 2-85

and the 2 is removed from the expressions for climb and start fuel if only
one start and one climb are specified,

Range mission:

The Rp for a range mission, which is the same as the radius of action mis-
slon with the exception that there is only one start, climb, cruise and
landing, is calculated in the same manner as indicated by equations 2-81
through 2-8L, except that the 2 is removed from the equations 2-82, 2-83 and
2-84, and R is defined as the range rather than the radius,
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be BEXAMPLE ANALYSES

As discussed in the Introduction to this report, the data and methods herein are
applicable to both single and tandem rotor helicopters, and to geared power
plants (reciprocating, and gas turbine) and rotor tip-drive power plants (ram-
jets, turbojets, and pressure jets).

The Summary Report of this contract (Ref. 1), presented the results of a para- i
metric analysis of an entire matrix of helicopters of each type, with design

hover ceilings varying from 5000 t't. to 10000 ft. out of ground effect, in stand-

ard NACA atmosphere, using normal rated power, design payloads varying from one

to five tons, and design radii-of-action varying from 25 to 150 nautical miles.

The rotor tip-propulsion type of power plants were assumed applicable only to

the single rotor helicopters, in these examples. In the following paragraphs,

certain of the important aerodynamic data, fixed design parameters and stand-

ardized curves, generalized power plant characteristics, design power loadings,

and cruise fuel rates are presented for these example helicopters.

1. Fixed Design Parameters and Standardized Curves

For the helicopters in Reference 1, the following design parameters were fixed:

Rotor tip speed Vlee.eeeeeeesoseaessaaaes 00 ft/sec
Tip loss factors, B
Mmain rotoreecesccecccscasscessesa0.96
tail rotor.cecesccccccceccsnssscscs0.90
Main rotor mean blade 1lift
coefficient at sea level, CLr...........O.bS

Main rotor blade loading, W/E-eeeeeoes0+87+3 1lbs/ft
Mean blade drag coefficients,

i tl é v 00000069 s e o0 eocsoe\Ve
(ma e or) &o oooaoooo.ocoao...80209 (See Figure 2-5)

(tail rotor) Cdgy *eovrreereness0.02 (constant)

Variation of equivalent parasite
flat plate area with gross weighte..... Ay/W 033W°b7 (see Figure 2-7)

Tail rotor/main rotor diameter
ratios, geared drive helicopters.csce.o..0.18
tip-drive helicopterscecccocssosa0s12

Tail rotor arm/main rotor radius
ratios, geared drive helicopters.ccceccecle?23
tip-drive helicopters«: 000060660000 oOa 75

Tandem rotor overlap,; Xgecoesoossooosesoa0s60
Tandem rotor vertical gap, xg,oa,,..ooooo.lo

Gear losses, single rotor, gearedeocccooe 35, (Kg=r .03)
tandem rotor, gearedccseescoscoeolify (Kg== -0l)
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Using the procedure outlined in Part B, paragraph 7, the variation of K; (ratio
of tail rotor powsr to total power) versus forward flight speed for goared-drive
and tip-drive single main rotor helicopters was calculatod. Thls was done for
several representative main rotor disk loadings and flat plate area ratios A/W,
and it was found that mean fairings of Ki versus V, adequately repraesented the
calculated values of Kt over the entire range of disk loadings (2 to 12 1bs/ft2)
and flat plate area ratios (.0008 to .0030 £42/1b) considered, with an accuracy
of £10%. Since the maximum value of Ky was in the order of 0.1, *10% accuracy
ylelds an overall maximum error in total power required of =+1%. These mean
fairings of K, for the two single main rotor types are presentad in Figure 2-25,

08 anti- torque tail rotors,
\‘.\ gearad - drva halicopotrs
|
CT T ] T
!
K Ol - = "ﬁnlcz:::
v / '.\_ pure directional control

tail rotors
L tip-drive hcl‘lcopf‘!:‘_._‘

-
0 20 L0 60 80 100 120
V = Knots

« 02

Figure 2-25: Tail Rotor Power Ratio vs. V

The propulsive efficiency n=1 - K¢ - corresponding to the K variations
above, and the assumed constant values of K,, are plotted in Figure 2-26. Since
Ky = 0 for the tandem rotor type, its propuﬁsive efficiency is a constant at all
airspeeds, equal to 0.96.

.98 !

|
.96 w ] |

— tandem rotor -E.!wqﬁrnnér
Feared driva Lip-driv
o — halicopters —T— helicop

q |

092 V”EJI—/-’/-
il i
-""'--. | ]wimgvu_

+90 (= heli coptars
LT

.88 ‘
0 20 Lo 60 80 100 120

V - Knots
Figure 2-26: Propﬁésive Efficisncy vs. V

e
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2. Assumed Power Plant Characteristics:

Figures 2-27, 2-28, and 2-29 show the assumsd power plant characteristics for
the example analyses of transport helicopters.

The reciprocating engines were assumed to be radial, aircooled types super-
charged to 5000 ft. critical altitude by single-speed, gear-driven superchargers.
The performance characteristics for this type of power plant were based on sta-
tistics given in a power plant survey, Reference 10. Cooling power loss for tne
reciprocating engines was assumed to be 5% of normal rated power at sea level,
with this percentage decreasing directly as the density ratio at altitude.

Hence, the net power available per pound gross weight for reciprocating engines
was calculated as

(%E)net - (1 —'OSP/P")(%BChart 2-86

The performance characteristics for the geared gas turbine types are based on
mean fairings of statistical data taken from published specifications for en-
gines ranging in size from the Continental Artouste to the Allison T-56.

The performance characteristics for the tip turbojet types are based on Packard
Motor Car Company estimates presented in R-ference 12. These estimates were
made in 195k, and have recently been superceded with more optimistic data, par-
ticularly with regard to fuel consumption rates.

The tip ramjet engine performance characteristics are based on justifiable es-
timates, in Reference 11, of expected improvements over present operational

types.

The pressure jet performance characteristics are based on the discussion and
analysis in the Appendix to this report. Only the "cold cycle" pressure jet

was considered, since the "hot cycle” pressure jet is a complex system requir-
ing an entire study by itself. Compressed air at 2.5 atmospheres was assumed

to be supplied from separate compressors, driven by geared turbine engines hav-
ing characteristics identical to those for direct geared power applications.

For the example analysis, pressure jet power was set to permit cruising without
tip burning, and full power with tip burning up to 3000°F tip burner temperature.

Figure 2-28 is included to show the comparative effects of high temperature on
engine power output of the several power plant types. This chart is drawn for
an atmospheric air temperature 579F higher than standard NACA temperature, and
thus corresponds to a temperature of 95° at 6000 ft. pressure altitude, or 116°F
at sea level pressure altitude.

Figure 2-29 shows the assumed standard variations of SFC with percent of normal
rated power at altitude. The percent of normal rated power at altitude is cal=-
culated from equation 2-75, repeated below:

#Power = 100(%':-) (B !I:,—p) 2=75

CONFIDENTIAL L1




Standard NACA Altitude - 1000 ft

Pressure Altitude - 1000 ft

" SFC = 1bs/Bhp-hr

CONPLORNTIAL

12
10 STANDARD DAY \ \
8 RamJetS == \\
e Ceaved Turi?n*@_
° Proegsure I'J \\ >\
ana Tip urlﬂ]fis
b Supercharged Keciprocating -—*I
2 \\
A
Figure 2-27 '
030 L0 5 60 70 80 90 100 110
% Sza Level Normal Rated Power
Pivor'cay, % v\
57°F above | Y
std. temp.at \ ! \‘u_
10| a1r altitodes \ "
b \\.
8 \ “;\ L3
6| Ramjets -—"\ \ b Y
Geared Turbmes, I' "‘-t :
Pressure Jets, — L
L|{ and Tip Turbojets 7
'\
Svpercharged .. A
2 Reciprocating "-.I Y
\ \
Figure 2-28 A \
0 it .1
30 L0 56 60 70 80 90 100 110
% Sea Level Normal Rated Power
12 o
g4
Bl 4
N0~
0] n
~ o -
m =
Uc)) 'l '
IRER o
. — T Beeo Figure 2-29 2
30 L0 50 60 70 80 90 100 110
% Normal Rated Power (at Altitude) - e
L2 CONFIDENTIAL




CONFIDuNTIAL

TRANSFORT HELICOPTER DmsIGN ANALYoSIs MeT!OO0S

J. Design Powsr Loading for Selected iover Ceilings

Using the procedures, squations, and assumplions outlinecd in the preceding par-
agraphs of Parts B, D, and E, design powsr loadings were calculated for standard
day, out of ground effect hover ceilings of 5000 ft., 7500 ft., and 10000 ft.,
over a range of disk loadings varying from 2 to 12 1bs/ft2. This was done for
gach of the example combinations of rotor configuration and power plant type,
and the results are plotted in the form of 1p vs. w in the charts at the end of
this Section, listed as follows:

Figure 2-30: Reciprocating Engines
Single Rotor and Tandem Hotor Configurations

Figure 2-31: Geared Gas Turbine Engines
Single Rotor and Tandem Rotor Configurations

Figure 2-32: Tip-Mounted Turbojet Engines
Single Rotor Configurations only

iigure 2-33: Tip-Mounted Ramjet Engines
Single Rotor Configurations only

Figure 2-3L: Tip-Mounted Pressure Jets
Single Rotor Configurations only

For the purposes of a parametric analysis to determine the optimum disk loading
(yielding minimum gross weight) for a given set of performance specifications
(payload, range or radius of action, design hover ceiling) charts such as these
are useful for the determination of #Power in cruise, SFC in cruise, and engine
weight per pound gross weight. In addition they may be used to determine ver=-
tical rate of climb and maximum rate of climb as functions of hover ceiling and
disk loading, through the dependence of these performance parameters on power
loading 1,, as manifested in equations 2-71 and 2-74. Vertical rate of climb
at sea level for all of the examples considered was in excess of 800 ft/min, and
maximum rate of climb at sea level was in all cases in excess of 1500 ft/min,
for the lowest hover ceiling (5000 ft.) considered. The higher hover ceilings,
7500 and 10000 ft, requiring higher installed power (lower power loading) re-
sulted of course in progressively higher vertical and maximum climb performance.
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3. Design Power Loading for Selected Hover Ceilings

Using the procedures, equations, and assumplions outline¢ in tho preceding par-
agraphs of Parts B, D, and E, design powsr loadings were calculated for standard
day, out of ground effect hover ceilings of 5000 ft., 7500 ft., and 10000 ft.,
over a range of disk loadings varying from 2 to 12 1bs/ft2. This was done for
sach of the example combinations of rotor configuration and power plant type,
and the results are plotted in the form of 1j vs. w in the charts at the end of
this Section, listed as follows:

Figure 2-30: Reciprocating Engines
Single Rotor and Tandem Rotor Configurations

Figure 2-31: Geared Gas Turbine Engines
Single Rotor and Tandem Rotor Configurations

Figure 2-32: Tip-Mounted Turbojet Engines
Single Rotor Configurations only

Figure 2-33: Tip-Mounted Ramjet Engines
Single Rotor Configurations only

Figure 2-34: Tip-Mounted Pressure Jets
Single Rotor Configurations only

For the purposes of a parametric analysis to determine the optimum disk loading
(yielding minimum gross weight) for a given set of performance specifications
(payload, range or radius of action, design huver ceiling) charts such as these
are useful for the determination of #Power in cruise, SFC in cruise, and engine
weight per pound gross weight. In addition they may be used to determine ver-
tical rate of climb and maximum rate of climb as functions of hover ceiling and
disk loading, through the dependence of these performance parameters on powsr
loading 1,, as manifested in equations 2-71 and 2-7L. Vertical rate of climb
at sea level for all of the examples considered was in excess of 800 ft/min, and
maximum rate of climb at sea level was in all cases in excess of 1500 ft/min,
for the lowest hover ceiling (5000 ft.) considered. The higher hover ceilings,
7500 and 10000 ft, requiring higher installed power (lower power loading) re-
sulted of course in progressively higher vertical and maximum climb performance.
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TRANSPORT HELICOPTER DeEdIGH ANALYoIs METHODo

L. Charts of Fuel Rate per Mile, dRF/dR and Rf

In Section 4 of this report, a graphical procedure is presented for determina-
tion of minimum gross weight helicopters and corresponding design characteris-
tics from intersections of the curves of fuel weight ratio Rf required for a
given mission range or radius of action and fuel weight ratio Rp available for
a given mission payload. The required Rf is dependent upon the dRp/dR deriva-
tive, which as has been shown (Part D, paragraph 5) is dependent upon the power
required, the design power loading, and engine SFC. The determination of the
available Rp is based upon the weight breakdown of the helicopter, the analysis
of which is presented in the following Section 3 of this report.

As an illustration, then, of the pertinent charts which evolve from the aero-
dynamic and power plant performance characteristics of the helicopters, and
which are required in the graphical solution procedure discussed in Section L,
plots of dRp/dR versus cruise speed V, and plots of required Rp versus gross
weight for various mission radii of action and various design disk loadings ars
presented on the following pages. The dRp/dR curves were calculated from equa-
tion 2-79, and the Rp curves from equations 2-81 through 2-8L.

These charts are based on the example assumptions listed in paragraphs 1 and 2
above, and on the design power loading charts in paragraph 3, Figures 2-30
through 2-34., In addition, the "required" Rf calculatiuns were based on an as-
sumed standard mission, outlined below in Figure 2-35. The only variables in
this general missicn sequence are the mission radius of action R, and the
allotted time for start and warm-up, which varies as indicated depending on the
type of power plant. The lower start times were assumed for the jet type power
plants due to their inherent lower times required for warm-up, and their higher
SFC, when compared with the reciprocating engines.

>

Both home base and remote base ground elevation
4000 ft.

Standard NACA atmosphere, LS5OF at ground eleva-
tion, L1OF at cruise altitude

A, Start, warmup,3* minutes at normal rated (max-

imum continuous) power.

Climb 1000 ft., on course, at best rate of

climb, to cruise altitude of 5000 ft.

Cruise at 5000 ft. and best cruise power set-

ting, to position directly above remots base.

Descend to remote base. No distance credit,

no fuel used.

Land, stop engines, unload outbound cargo,

load inbound cargo, start, warmup, and re-

ﬁi turn to home base in accordance with above.
ey | & #Assumed time for start and warmup:
Rl s &5 1. Reciprocating engines 5 minutes
A 2, Gas turbine engines 2 minutes
3. Pressure jets 2 minutes
L. Tip turbo jets 2 minutes
5. Ramjets % minute

Figure 2-35 Mission Flight Plan
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SECTION 2 - AEMODYNAMIC AND PeRFOwWMANCE ANALYSIo TECHNIQUES

SYMBOLS

Ap...iotor dlade area, ft?

Ag...Projacted disk area, tandem rotors, ft<

Ay...Area used in tandem rotor momentum
analysis (see Figure 2-2), ft?

Ap ..Bquivalent parasite flat plate area,ft2

Al,Az,AB..Coefficients in eq. for 1)(270)

Ay ,Ay,A3..Coefficients in eq. for 1)§9og

a....Slope of airfoil section lift curve,dCr/de«

as...Speed of sound, ft/sec

ahpp.Power available at any altitude h

B....Rotor tip loss factor

Bhp..Total powsr required in level flight

b....No. of blades per rotor

CD...Drag coefficient of parasite components

CL...Rotor mean blade 1lift coefficient 6CT4

CT...Rotor thrust coefficient T/pW ReVp2

C5,C3,C)..Coefficients in eq. for 63

C go-Rotor mean blade drag coefficient

cl..Coefficient in eq. for Ky

chp.«.Induced power + excess for vert. climb

D....Rotor jiameter = 2R, ft

Dy...Helicopier parasite drag, lbs

H?o..Residual downstream drag of rotor, lbs

HP...Installed “Normal Rated” power at S.L.

hee..Altitude, ft

hpg°.Gearing power loss

hpt..Tail rotor power required

ihp..Rotor induced power

Kgo ce = hpg/Bhp
Kt- eo0o = hp-t/Bhp
Kuo o0 = u/uH

Kpoo 1+ 3p2+ c)pl

Ky ,K5,Kq..Coefficients in eg. for @,

Kp..o &hpp/HP

1p...Design power loading = W/HP, 1lbs/hp

1li...Tail rotor moment arm, ft

Mg.ssAirfoil section drag divergence Mach No.

php..Helicopter parasite power required

Q.s..Main rotor torque, 1lb-ft

Q...0Free stream dynamic pressure, lbs/ft¢

R....Rotor radius, ft; or mission range or
radius of action, naut. miles

Rp...Fuel weight ratio = Wp/W

R/Cy.Vertical rate of climb

50

K/C..Kate of climt in forward flight
Rhp..Retor profile power
r....ladius to a blade element, ft
rhp..Total power required at main rotor(s)
A S, .Frontal area of parasitic component,ft2
SFC..Specific fuel consumption, 1b/hp-hr
T....Rotor thrust, lbs
TgeesEndurance time, hours
tg...Time allotted for start & warmup, min.
Ug..oTotal flow thru rotor in vert.climb,ft/sec
U....ilotor induced velocity, ft/sec
UgesoInduced velocity in vert. climb, ft/sec
uH. .« Induced velocity in hover, ft/sec
V....Forward flight speed, ft/sec or knots
VeosoSpeed for best climb, knots
Vereo.Speed for best range, knots
VendeSpeed for best endurance, knots
VT ...Rotor tip speed, ft/sec
W....Gross weight, lbs
Wro..Fuel weight, 1lbs
W....Disk loading. 1lbs/ft?

=4/ W R2(sgl. rotor), = W/Ag(tandem rotor)
XoeeoFractional blade element radius, = r/R
Xge « - Tandem rotor overlap/Rotor radius
Xy.+oTandem rotor vertical gap/Rotor radius
ososHeight of rotor above ground, ft
o' ..Rotor tip path plane incidence, rad.
L r..Blade element angle of attack, rad.
50,61,52.. Biade element drag coefficients
N ...Propulsive efficiency = 1 - K¢ - Kg
©..0.Blade pitch at any station, rad.
Bge+eColls pitch @ root (extended to C.L.)rad.
©10+.Cyclic pitch @ Y= 900, rad.
@2...Cyclic pitch @ ¥=2700, rad.
B¢ ooBlade twist= 0y - 1 -~ Oy - o, rad.
N ..Rotor inflow ratio =(u 4 Vo:.'S/VT
M o.oRotor tip speed ratio = v/Vr
0 «..Mass density of air, slugs/ft3
G .ooRotor solidity = Ap/Ww
fooo0Blade element inflow angle

tan ~1 [ N/(x+psin @) , rad.

Y....Blade azimuth (positive aft, measured

counter clockwise from above), deg.

CONFIDENTIAL




WEIGHT ANALYSIS




CONFIDENTIAL

SECTION 3 - WEIGHT ANALYSIS TECHNIQUES
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1. Introduction

The purpose of the weight analysis presented in this report is first, to pre-
sent a survey of the available statistical data of helicopter component weights
and secondly to show Lhe devolopment of methods of preparation and evaluation
of preliminary design weight data for various helicopter configurations.

The weight data survey is general in nature and applicable to any components
typical of a "pure helicopter”, i.c¢., one relying on conventional rotors for
lift and propulsion in all flight regimes. The greater part of this data is a
statistical compilation of existing helicopter component weights (Reference 13)
and is limited since it represcnts “state of the art" development of helicop-
ters to approximately the year 19%52. It is therefore questionable to what ex-
tent tiis data may be extrapolated to predict weights of future machines. Cor
responding trends of component weight for fixed wing aircraft (Reference 1L)
show that the earlier aircraft, in terms of the development period, show the
largest deviation from the correlated trends, indicating that the advancing
"state of the art" may be the largest factor in altering the component weight
trends. Coincident with this however, the effect of increased size of more
recent fixed wing aircraft has afforded design advantages inherent in larger
sizes, increased complexity notwithstanding. Since the available helicopter
statistical weight data reflects a relatively early stapge of development of the
type, the extrapolation required by the scope of the study may result in con-
servative weight predictions, however, this would not invalidate the compara-
tive results of the primary part of the study presented in the report: "Mili-
tary Helicopter Transport Systems, 1956 to 1961", (Reference 1).

To determine the reliability of the extrapolation of the data and of the methods
developed in the study, the actual weights of several recently developed heli-
copters were compared with the predicted gross weights based on the published
payload, range and hover ceiling for the actual machines. It was found that the
actual and predicted gross weights were within five percent for both single and
tandem rotor helicopters. The data was therefore considered to provide reason-
ably reliable trends of helicopter component weights for the more conventional
shaft driven rotor types and to provide conservative extrapolations of weight
trends for the relatively advanced tip powered configurations.

The prediction of gross weight for a given configuration and performance speci-
fication is the ultimate objective of the weight and aerodynamic analyses pre=
sented in this report. Accordingly, the analysis of each of the two parts 1is
directed toward obtaining a ®common denominatcr" which satisfies the require-
ments of both analyses. This link has been found to be the fuel weight ratio,
and is derived from the aerodynamic analysis as the fuel weight per pound of
gross weight required for a given range or radius of action and from the weight
analysis as the fuel weight ratio available for a given payload and gross weight.
Methods of analysis have been formulated such that both the available and the
required fuel weight can be written as analytical functions of design parameters
including gross weight and in addition as functions of payload and radius of
action, respectively. The simultaneous solution of the two expressions results
in a singular design gross weight which satisfies both payload and radius of
action criteria and indicates the best combination of design parameters to ob-
tain minimum gross weight. Section i discusses in more detail the procedure
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involved in obtaining the simuliancous -olutions ror sross weight., The deri-
vation of Yhe generalized weight eauntlon Tor detemining the available fuel
weight ratio is showm in the following vacar-arhs, and tre detail derivations
el cempenent weipht expressions are showm in Par ot C shows the inte-
cration off the individual compenents vieipnts of Furl B iavo empty weight equa-

-
]
a s
. - . PSRN LK D e .
vions for srocific transvort helicorteos confiurations,

2o Derivation of Generalized Vieight Equanion

As discussed in the preceding raragrarhs, the final objective of the weight
analysis is to express the available fuel waipht in Lurms of design parameters.,
From the statistical weirht data, the empty weight of c¢he helicopter can be
viritten as a Tunction of feur rrimary variables: gross weight, disk loading,
Nased on this empty weight relationship, the fuel

power leading and Lip speed.
ana fuel vanle weiprnt is:

A A A WA W

where: Wp := allovwiable fuel weight

tlpp = fuel tank weight

VWi = design gross weight

ip = design payload

Vig = crew weight

Vp = empty weight less fuel tanx weight

In ratio form, dividing by gross weight:
Re + Rer= 1-Rp—Rc -0

Vhere @ has been designated as the ratic of empty weight less fuel tank weight
to gress weight, Tc ensure compatibility between fuel and fuel tank weight,

the equation can be reduced by specifying the tank weight per gallon of fuel.
Hence, by assuming a tank weight of 0.5 1b. per gallen of fuel (50% self-seal-
ing tanks) and further assuming a fuel weight of 6,0 lbs. per gallon, the avail-
able fuel weight ratic becomes:

Re= i (1-Re=Re-0) =

wherejf§;=the ratio of fuel weight to fuel plus fuel tank weight: 6,0/645 =

»923 for purposes of transport helicopter evaluations. This equation is re-
ferred to as the generalized weight equation in which the term Rp provides the
link between weight and aerodynamic characteristics, Use of the equation in
obtaining values of Ry and in combining with the aerodynamic analysis is straight-
forward providing that the function @ is known. The major effort in the weight
analysis was therefore the derivation of @ as a function of the significant

helicopter design parameters.
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3¢ Methods and Acsumpiicne

For each of the iwenty-seven majer empiy weishi cemyoncts s, Lt analynis of
fleference 13 presents an analii_cal expression cormelaued @l available sta-
tistical ve"g“u data. Cenerally the compenent welrhts awm Lliown U be fune-
tions of a significant dimension and/or the osirn power, vorque loading or, for
items of lesser importance, functions of desirn pross weirht where these items

ay be directly relaled to ihe gine o the helicopter, Taus, as oxar*]rs,
fuselage weirht is a functior of overall lpn,hb and press wel ab, mectanical
drive shafting is & function of Lencth and design torque, ana rower vlant weipht

is a function o the instelled iake-off power, From these exrressions, it would
be possible to fo*nulaue an enpty weirht equation by detenwir*nr cach of the par-
Linent d_menolona, desirn toragues and installed power ravinc. iowever, Lo avoid
this cumbersome r”ovetlre, It was rostulated that cach of the na*amouero could

be expressed in temms of one or more of the major desisn parameters, which wou]d
then allow the reductio: of the equation to fewer terms “esu1u1pg in rapid an

nore accurats rrelininary weight estimation. The initial steps in the %elghb
anaiysis are *hicreiore tne esiablishment of (1) generacized dimensions, relat-
ingz eacn signiilcant dimension to rotor radius, and (2) assumed yrower distri~
outions, relating mechanical drive loadings to the total insialied poVieT,

The gencralized dimensions esiablished for the purpose of the transport heli-
copter are shown in ripgure 3-1., These dimensions were based on current design
vractice fer the most part with some modifications in overall fuselage length
necessary vo maintain adequate cargo compartment length rfor specizl items of
military equimment, These sketches are shovn as an illustration of the heli-
cepter parameters whnich are reguired to obtain the empty weight equation, and
the derivation of the weight equation is sursequently presented in sufficient
detail to allow variatvion of the dimensions, Of the various dimenszions shown,
the fuselage length factor alone is independent of the aerodynaniv analysis in-
sofar as the fuselage typifies reasonable fineness ratio and aerodymamic clean-
liness, Therefore, the fuselage length factor may be altered within limits de~
pending upon the cargo compartment length required for a particular payload
specification., Tail rotor and tail rotor mament arm dimensions for the single
rotor helicopters are consistent with the assumed power distributions and varie
ation in these factors would require concurrent variation of the tail rotor
power required, The tail rotor dimensions shovm for the shaft powered single
rotor helicopler are typical of current design practice, and for the single
rotor tip powered configuration are based on the maneuvering requirements of
Reference 17, consistent with the assumed power distribution for this type.

The assumed power distributions, shown in Figure 3-2, are determined fram the
aerodynamic analysis for the transport helicopter. As an example of the use of
this data: nowing the percent power from Figure 3-2, the design torque for a
transmission can be written as a function of installed take~off power, tip speed

and rotor radius.

From the two sete of assumptions described above, the weight exprescions given
by Reference 13 can be reduced to approximately eight terms each of which is a
function of gross weipght, (W), disk loading, (w), tip speed, (Vp), take-off
power loading, (L.y,), the number of installed engines, (n), or rotor overlap in
the case of tandem rotor helicopters. The final empty weight equations pre-
sented in Part C are shown as functions of the first four variables, with al-
ternate terms where applicable for various numbers of installed engines, The
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Single Rotor ‘ — ~_ 2gR~
Shaft Powered ' -03R 3 '

Tandem Rotor

Shaft Powered p—— 1. iR 4._|

‘ uv;rlap — .1R vertical gap
R - \i
| |

P —
| 1.75R -

Single Rotor
Tip Powered

=]

Cl

1.0R —=

Figure 3-1 Generalized Dimensions for Various Transport
Helicopter Configurations
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ROTOR AND POWER PLANT TYPE
POWER Single Rotor Tandem Rotor
DISTRIBUTION
10 Recipro- Geared Tip Recipro- Geared
cating Turbine Powered cating Turbine
Main ROtOr, 8,.1.3 8903 9707 91.0 96.0
Tail Rotor, 7.7 7.7 2.3 0 0
Gear Loss 3.0 3.0 4.0 L.0
Cooling Loss 5.0 0 0 5.0 0
Figure 3-2: Assumed Power Distribution in Percent
of Total Installed Power
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tandem rotor helicopter emply weight egquabions are shovm {or a2 rotor overlap of
5C%. the value chosen for the compariscns made in the recoss Mlitary Helicop-
ter Transport Systems, 1956 to 1961%,

For the evaluation of a single aircraflt, thc calculation of empty weight from
the equations is straightforward provided that the parameters listed above are
knorm, For purposes of optimization studics or preliminary design, however,
vhere the payload, range and hover ceiling are specified and the minimum design
gross weight is desired, it is necessary to combine the weigh! analysis and
aerodynamic analysis by the procedure described in Section b of this report,
Further detzil on the procednure for this type of analysis is presented in Part

Ce

B, HELICOPTER COMPONENT VWEIGHTS

1. Rotor Group

Considerabie effort has been expended in various helicopter rotor studies to
cbtain a reliable method of predicting preliminary rotor weights on the basis
of rotor parameters., The type of analysis which utilizes the strength-weight
approach has been found to be cumbersome due to the inherent difficulty in ana-
1lytically determining rotor blade loading which by itself is often not the
weight determinant, Statistical analysis of rotor weight has therefore been
utilized to a greater extent as the data and methods have become available.

The statistical correlation of blade weight functions with statistical data
from Reference 13 was deemed adequate for purposes of the study although in
certain aspects of the investigation modifications were made in the basic ex-
pressions., The expressions used are functions of disk loading, tip speed and
rotor radius, and although other variables such as solidity or ultimate load
factor could be included in the correlation, the greater refinement of the ex-
pressions was not considered to be warranted by the scope of the investigation.
Deviations from the basic expressions are noted in the following sections where

applicable,

Weight data was available for both rigid (or teetering) and for articulated
types of rotor blade systems. To select one of the two systems for use in the
present study, a comparison was made between the total weight of blades plus

hub and hinge of both types. Figure 3-3 shows the comparison of the two types
and it will be noted that for any given radius, disk loading and tip speed, the
articulated rotor system exhibits a lower weight on the basis of the statistical
data, Hemnce for all the shaft powered configurations, the relatively lighter
articulated system weight was used in developing the weight equation. For tip
powered helicopters, the only data available represented weights of two blade

teetering rotor systems,.

a) Rotor Blade
Rotor blade weight for single rotor, shaft powered helicopters is given by

the expressions

R2.4!
Blade weight = Z8.I —“—’\—/—T——— for R < LO ft,
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R?.GO
Blade weight= 4.0 LV— for R > LO ft.
T
Since R = {7k
1.205
Blade weight = 7.07 ;’\/—_255 for W < 4680
\j; u)'|30 W
_ W W -2
= 316 VAT for = 4660 3

The preceding total blade veight expressions are valid for three blade, ar-
ticulated rotor systems and it was further assw.ed that they are represen-
tative of rotors with a mean solidity of 4OU5. TFor variation of solidity as
an extension of the parametric study, the weight expressions were modified
by the factor (g /.045)-33 in tne manner of Reference 18,

Rotor blade weight for tandem rotor, shaft powered helicopters: the data of
Reference 13 indicates that the rotor blade weight expression is valid for
both single and tandem rotor weights, if, when utilizing the weight function,
the tandem rotor disk loading is defined as

w =
ST 7nR?
Since the tandem rotor disk loading for purposes of this study was defined
as:

wr= W
2R? —OVERLAP AREA

the tandem rotor blade weight function is modified by the factor k, to allow
for variation of blade weight with rotor overlap at constant effective disk

loading.

. _ W '

Blade weight = 6.15k L. o205 for R < 40
33

_ W' ;

= 2.57k W for R > 40

The variations of k with rotor overlap for the two ranges of rotor radius
are given in Figure 3-l.

"For tip powered helicopters, based on the limited data of Reference 13 it was
possible to combine the expressions for blade weight and hub and hinge weight

into the expressions:

121
. — A4
Rotor group weight = .0362 \u";.?, for -~ < 5030
3-4
W' W
= .0256—&77; for-w— > 503Q
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figure 3-3: Compariscn of Rotwer System Types -
Rotor Weight vs, Radius for Various
Tip Spends
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Figure 3-L: Tandem Rotor Blade Weight

Correction Factor (Equa.3-3)
vs. Percent Rotor Overlap
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This weirht exprossion was assumed Yo account for the weight of additional ;
fusl lines or ducting for the Yip mounied power plants and to include the
weignt of tip burrers in the case of pressure jet, power planis.

Rotor Huob Assembly
Rotor hub and hinge weipht for single retor, shaft drive helicopters ars
givan as:

.21
Hub and hinge weignt = .00975 X}/?, 3-5
Rotor hub and hinge weight for tandem rotor, shaft drive helicopterss
1.2
Hub and hinge weipht = 00839k—y / 36

whers k is the cormecticn factor for variation of rotor overlap showvn in Fig-

ure 3"‘50

Rotor hub and hinge weight for single rotor tip powered helicopters is in-
cludsd with blade weight, paragraph 1(a).

Tail Group

b)

Stabilizer
For all single rotor helicopters with shaft drive or tip mounted power plants,
stabilizer weight was assumed to be:

Stabilizer weight = .002 W 3=7
and for tandem rotor helicopters:

Stabilizer weight = .006 W 38

Tail Rotor Weight

The svatistical data of tail rctor weight shows considerable scatter, how-
ever, the net effect of an averape curve for weight was found to induce lit-
tle errcr in the finai weight since tail rotor weight itself is a small per-
cenwage of empty weight, Tail rotor weight can be represented by the expres-
sion

3
Tail rotor weight = 53 —w—f\g—
t

For single votor, shaft drive helicopters, the tail rotor thrust (T u)'tTTrz)
can be related to main rotor torque by the expression

[ 550 HRan?.] ]
T 23R

where the term in bIdCKPt:S is the design rotor torque at engine take—off
power, and (1,23 R) is the assumed tail rotor moment arm. Assuming that tail
rotor tip speed is equal to main rotor tip speed and noting from the general
dimensicns (Figure 3<1) that r = ,18R, the weight expression reduces to the
following:
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Tail rotor weight = 1360n H%-E,?-
From the propulsive efficiency factors shovm in Figure 3-2:
n=.8L3 single rotor - recipr. powered
n= .893 single rotor - geared turbine powered
the final weight expressions are therefore:

. . W "%
Tail rotor weight = 646 Tom LT S

for single rotor-reciprocating powered helicopters

w
lp'm VT'? w-?° 3-10

= 685

for single rotor-geared turbine powered helicop-
ters

Tail rotors for directional control of tip powered helicopters have been ine-
cluded in the weight analysis for these configurations since it was assumed
that a simple rudder would not afford sufficient control in certain flight
regimes. An analysis of tail rotor parameters (see Section 2, Aerodynamics
Analysis) was made based on the requircments of Reference 17. From this

analysis, tail rotor radius,

and tail rotor maneuvering thrust in terms of gross weight and main rotor
disk loading,

A3W

Yur

Using the expression for tail rotor weight and making the substitutions in=-
dicated previously

Ty=

. : A w90
Tail rotor weight "48w\/-p 3-11

3« Body Group Veight

The statistical data of Reference 13 shows a correlation of body group weight
with the expression:

69
Body weight = .159(WL)

in which L = overall fuselage length, This expression was found to predict
reasonable values for fuselage weights of both single and tandem rotor heli-

copters.

For the single rotor shaft drive helicopters considered in ths study, it was

6L CONFIDENTTAL
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noted that the fuselage veight function held considerable intluence over the
selection of the optimum disk loading. Since the overall fuselage length was
determined by rotor radius, it followed that decreasing radius (increasing disk
loading) decreased body weipght for constant gross weight., The net effect of
using this body weight expression vwhen swwning all the helicopter vieights there-
fore, was that minimum empty weights were obtaired at a relatively low rotor
radius hence low fuselage length. In same cases it was found that for minimum
gross weight the resulting fuselage length was inadequate for the design payload
- a prior ccnsideratiun, Therefore, a study was made to redefine the body group
weight expression to lessen the apparent weipght advantage of high disk loading -

low fuselage length,

As a rational basis for this study it was postulated that, for a given payload
or cargo compartment size, the effect of increasing disk loading vas to decrease
only the tail boom length and weight and that the average ratio of weights per
unit length of cargo compartment and tail boam was lLi:1l. It was further assumed
that the statistical data represented helicopters with an average disk loading
of L0 lbs/i‘tz. Based on these assumptions the revised body weight expression
for single rotor, shaft powered helicopters took the form:

Body weight = .108W%4L-%°

Using the relationship, L = 1.6LR, which is the statistical average of overall
single rotor fuselage lengths (Reference 13) the expression reduces to:
1.035

Body weight = .loelw%g 3-12

If weight function given by Reference 13 and shown previously is similarly re-
duced the

w;.oss
Body weight= 151W

By comparison of the two expressions for body weight it can be seen that the

same trend of body weight with gross weight is maintained, however the effect

of disk loading is reduced by use of the revised form of the function, Figure

3-6 illustrates this change in body weight ratio with varying disk loading,

This relationship then predicts conservative values of body group weight for

disk loadings greater than l.0.

Tandem rotor body weight is based on the data of Reference 13 without revisione

Body weight = .159(WL)'69

The body length, shaft to shaft, is related to the rotor overlap by the follow-
ing:
_(o _ Yoverlap
BR =(2 - f5rion)

where BR = body length, shaft to shaft. The body overhang is assumed to be
1.25BR as is shown in Figure 3-T7,

Thus the body weight expression becomes
Body weight = .185( BRW}'69
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